Background/Aims: CXCL12, acting via one of its G protein-coupled receptors, CXCR4, is a chemoattractant for a broad range of cell types, including several types of cancer cells. Elevated expression of CXCR4, and its ligand CXCL12, play important roles in promoting cancer metastasis. Cancer cells have the potential for rapid and unlimited growth in an area that may have restricted blood supply, as oxidative stress is a common feature of solid tumors. Recent studies have reported that enhanced expression of cytosolic superoxide dismutase (SOD1), a critical enzyme responsible for regulation of superoxide radicals, may increase the aggressive and invasive potential of malignant cells in some cancers. Methods: We used a variety of biochemical approaches and a prostate cancer cell line to study the effects of SOD1 on CXCR4 signaling. Results: Here, we report a direct interaction between SOD1 and CXCR4. We showed that SOD1 interacts directly with the first intracellular loop (ICL1) of CXCR4 and that the CXCL12/ CXCR4-mediated regulation of AKT activation, apoptosis and cell migration in prostate cancer (PCa) cells is differentially modulated under normal versus hypoxic conditions when SOD1 is present. Conclusions: This study highlights a potential new regulatory mechanism by which a sensor of the oxidative environment could directly regulate signal transduction of a receptor involved in cancer cell survival and migration.
Molecular Constructs
The pcDNA3.1 HA-CXCR4 receptor was purchased from Missouri University of Science and Technology cDNA resource center (Rolla, MO, USA). pCMV6-myc-DDK-hSOD1 wild-type (WT) was purchased from Origene Technologies Inc. (Rockville, MD, USA). CXCR4-YFP was a gift from Dr. Nikolaus Heveker, from Hôpital Ste-Justine (Montréal, QC, Canada). The Gα i -, Gα q -and Gα 13 -RlucII constructs were obtained from Dr. Michel Bouvier, from Université de Montréal (Montréal, QC, Canada).
Cell culture and Transfection
PC3 cells were cultured in 6-well plates using DMEM supplemented with 10% FBS and 1% PenicillinStreptomycin under 5% CO 2 conditions. For hypoxic cell treatment, the cells were incubated in a hypoxia chamber containing 0.2% O 2 at 37°C for the indicated length of time (Fig. 1) . The chamber was purged prior to usage to ensure that the chamber maintained the correct oxygen concentrations.
Transfections were carried out using XtremeGENE according to the instructions provided by the manufacturer (Roche). Transfection solutions were replaced with fresh FBS-free media 24 hours posttransfection. Transient transfection of SOD1 siRNA was accomplished using the same method at a final concentration of 50 nM of the siRNA duplex.
Protein Collection, Immunoprecipitation and Western Blotting
Following all cell treatments, media was aspirated from wells, and cells were collected in ice-cold phosphate-buffered saline (PBS). The cell pellet was then lysed in 100 μL of cold radioimmunoprecipitation assay (RIPA) buffer containing 50 mM Tris (pH 7.4), 150 mM NaCl, 0.5% sodium deoxycholate, 1% Nonidet P-40, 0.1% Sodium dodecylsulfate (SDS), and a Roche COMPLETE protease inhibitor tablet. Samples were nutated for 30 min at 4°C with BSA-treated sepharose beads to remove cellular debris and centrifuged for 10 min to isolate the protein-rich supernatant. For co-immunoprecipitation (Co-IP), samples were gently incubated with relevant antibodies at 4°C for 30 min to precipitate each protein of interest. This was followed by the addition of protein A sepharose beads and an overnight incubation under the same conditions. The next day, samples were rinsed 3 times with RIPA buffer. Both western blot and Co-IP samples were then incubated at 65°C for 5 min prior to resolution using SDS-PAGE. Proteins were then transferred to nitrocellulose membranes, blocked with 5% milk powder in Tris-buffered saline (TBS), and shaken overnight at 4°C in milk containing the relevant primary antibody. The next day, membranes were washed Fig. 1 . Validation of Hypoxic Conditions. PC3 cells were incubated in normoxic or hypoxic conditions overnight, as described in the methods section. A Western blot of lysed cells in both conditions was performed using anti-Hif1alpha and control beta-actin antibodies.
Annexin V/Propidium Iodide Staining
In order to measure the extent of apoptosis in PC3 cells, cells were transfected with CXCR4 and SOD1 or SOD1 siRNA. After 24 hours, these cells were treated with etoposide (50 ng/ml) for 24 hours, to induce apoptosis. Following 6 hrs of etoposide treatment, cells were either stimulated with 100 ng/mL CXCL12 or with vehicle. Incubation took place under either normoxic or hypoxic cell culture conditions beginning at the time of stimulation. Cells were harvested and washed with PBS, then resuspended in Annexin V Assay Buffer as prescribed by the manufacturer's instructions. Cells were gently shaken in the dark with propidium iodide (PI) and Annexin V-FITC-conjugated stain for 20 min. Cells were then examined by fluorescence microscopy and at least 5 fields of view were recorded using an Olympus IX81 microscope equipped with a Photometrics coolSNAP HQ2 camera and an Excite series 120Q light source. Annexin V stain was excited at 488 nm and images were captured at 525 nm. PI was excited at 535 nm. Rates of apoptosis were determined by dividing the number of cells that stained positive for Annexin V divided by the total number of cells.
Transwell Migration Assays
PC3 cells were transfected with HA-CXCR4 and SOD1 or SOD1 siRNA in 6-well plates. The growth media was aspirated and replaced with FBS-free media 24 hours post-transfection. After an additional 24 hours, cells were collected, rinsed with PBS and counted. Cultures were prepared such that 5.0 x 10 5 cells/ condition were resuspended in DMEM and plated into the top portion of a transwell migration plate that contains a polycarbonate membrane with a pore size of 5.0 μm (Costar, Corning, NY). In the bottom portion of the well, 600 μL of either DMEM or DMEM containing 100 ng/mL of CXCL12 was added. Cells were incubated for 24 hours under normoxic or hypoxic conditions. For quantification, membranes were rinsed with cold PBS and fixed in 100% ice cold methanol for 15 min at room temperature. Fixed membranes were then stained with 0.5% crystal violet stain for 5 min to allow visualization of the cells. Non-migrated cells were then gently removed from the upper side of the membrane with a cotton bud. Membranes were rinsed in dH 2 O until the water ran clear, allowed to dry, and then mounted on a slide. At least 3 areas of the membrane were viewed under 10 x objective of an Olympus IX81 and the number of cells for each field of view were counted. Net migration was determined by comparing the number of cells that migrated with the chemoattractant to the number of cell that migrated under control conditions.
Statistical Analysis
Statistical analysis was completed using GraphPrism software. All error bars are representative of mean +/-SEM. Two-tailed, unpaired student's t-tests were performed for analysis of endogenous CXCR4 and SOD1 levels, and co-IP data. Raw experimental data for Annexin V assays, p-AKT western blot data, and migration data was analyzed with a two-way ANOVA and a Bonferroni post-test. Annexin V data representing the fold change in apoptosis following stimulation was analyzed with a one-way ANOVA with a Bonferroni posttest. P-values are reported as follows: * p < 0.05, ** p < 0.01, ***p < 0.001.
Results

Expression of Endogenous and Transfected CXCR4 and SOD1 in PC3 cells
To evaluate the potential effects of a protein-protein interaction between CXCR4 and SOD1, we first needed to verify the presence of these molecules in PCa cells. We chose to use the PC3 cells for several reasons: PC3 cells have been reported to express endogenous levels of CXCR4 [22] , are more invasive in comparison with other PCa cells lines as measured in vitro using matrigel assays [23] , and are derived from bone marrow metastases, characteristic of the advanced metastatic form of the disease that we are investigating [24] .
PC3 cells were maintained in either normoxic or hypoxic cell culture conditions, lysed, and immunoblotted for the presence of both SOD1 and CXCR4. Fig. 2A and Fig. 2B show that both SOD1 and CXCR4, respectively, are expressed endogenously in PC3 cells under both normal and hypoxic conditions. The histograms in Fig. 2A and 2B indicate that that SOD1 levels increase approximately 1.7-fold following an 8 hr treatment in hypoxia and CXCR4 levels increase similarly, but with a higher degree of variability. siRNA-mediated knockdown resulted in lower levels of SOD1 in these cells as shown by western blot against SOD1 (Fig.  2C ). Results show that there was approximately 50% reduction in SOD1 expression following SOD1 siRNA transfection. 
Endogenous Interaction of CXCR4 with SOD1 in PC3 cells in Normal and Hypoxic Conditions
Following the original indication that SOD1 was interacting with CXCR4 obtained using a yeast-two hybrid screen between CXCR4 intracellular loop 1 (ICL1) as bait and a bone marrow library (data not shown), we wanted to confirm the existence of a SOD1/ CXCR4 complex in living cells. PC3 cells treated with CXCL12 or vehicle were lysed, and subjected to immunoprecipitation of CXCR4 and immunoblotting of SOD1. Results displayed in Fig. 3A (lanes 1 and 2) demonstrate that endogenous CXCR4 and SOD1 interact in PC3 cells under normoxic conditions. This interaction was affected by the receptor's endogenous ligand, as 15 min stimulation with 100 ng/mL CXCL12 increased the interaction levels, as measured by co-IP. Expression of a SOD1 siRNA decreased the extent of the interaction between the two proteins. Co-IP of SOD1 with CXCR4 was confirmed using HA-tagged CXCR4 and myc-tagged SOD1 as shown in Fig. 3B . Finally, to demonstrate that this interaction is direct, a GST-pulldown using the ICL1 of CXCR4 as the purified GST-construct, and recombinant SOD1 (Fig. 3C ) was performed. Our results indicate a direct interaction between CXCR4 ICL1 with SOD1.
Next, we tested the effect of hypoxia on the protein-protein interaction between CXCR4 and SOD1. As can be seen in Fig. 4A and the corresponding histogram in Fig. 4B , there is basal level of interaction between these proteins under both normal and hypoxic conditions. Following stimulation with 100 ng/mL CXCL12 for 15 min in normoxic conditions, this interaction increased significantly; however, when the cells were maintained under hypoxia for 8 hr prior to stimulation, similar interaction levels between CXCR4 and SOD1 were observed and CXCL12 stimulation no longer had an effect on this interaction.
Modulation of CXCR4 Signal Transduction by SOD1
Due to the importance of CXCR4-activated signaling pathways in the metastatic transition, we next decided to determine if SOD1 levels affected CXCR4 signal transduction.
Since several signaling pathways are activated by CXCR4, we chose to measure AKT activation due to its established role in cell survival and migration, processes important during cancer progression [15] .
AKT is phosphorylated following activation of PI3K by either receptor tyrosine kinases or GPCRs at the cell surface. Active p-AKT is then able to reduce apoptosis by inhibiting proapoptotic proteins such as BAD, or by activating anti-apoptotic factors such as NF-κB [25, 26] . We measured the levels of p-AKT in PC3 cells following activation of CXCR4 by 100 ng/mL CXCL12 for 15 min and the results are shown in Fig. 5 . Representative western blots of p-AKT using cells maintained under normoxic conditions are shown in Fig. 5A , and a corresponding histogram showing the change in AKT activation is shown in Fig. 5C . Our results show that cells overexpressing SOD1 showed a significant increase in AKT activation following stimulation with CXCL12 and that no increase in p-AKT levels was observed following stimulation in cells where SOD1 was knocked down. Under hypoxic conditions, no significant increase in AKT activation was observed following CXCR4 stimulation with CXCL12, regardless of SOD1 expression levels, again suggesting that SOD1 does not participate in these events under hypoxic conditions (Fig. 5B and 5D ). overnight treatment with 100 ng/mL CXCL12 of pcDNA transfected cells. The same trend was observed following CXCL12 treatment when SOD1 was overexpressed, while no reduction was present when SOD1 siRNA was expressed. Under hypoxic conditions (Fig. 6C) , higher levels of necrosis were observed (approximately 15-25%, instead of 8-12% in normoxia), which none of the treatments altered. Hypoxic conditions increased the overall basal apoptosis levels, without etoposide treatment, to approximately 20% of all cells and while pcDNA expressing cells saw a decrease in apoptosis following CXCL12 treatment, SOD1 WT or siRNA overexpression did not induce any change in apoptosis measurements (Fig. 6D) .
Effects of SOD1 on CXCL12-Mediated Cell Migration and G protein coupling
We next measured the number of cells that migrated in response to exposure to CXCL12 using a transwell migration assay. Following overnight exposure to 100 ng/mL CXCL12, there was a significant increase in migration in cells transfected with pcDNA (Fig.  7A) . However, cells transfected with SOD1 showed a near-complete loss of CXCL12-induced migration. When SOD1 siRNA was co-expressed, a partial rescue of migration was observed. When performed under hypoxic conditions (Fig. 7B) , we detected no difference between SOD1 WT overexpression or knockdown suggesting that other mechanisms might be at play when SOD1 levels are changed under hypoxic conditions. However, pcDNA transfected cells do show a significant increase in migration following stimulation.
G i -coupled GPCRs, like CXCR4, are linked to cell migration towards chemotactic signals. Thus, we tested the effect of the G i inhibitor pertussis toxin (PTX) on the migration of PC3 cells. In normoxia, PTX treatment abolished migration of PC3 cells (Fig. 7C) while it has less effect on CXCL12-induced chemotaxis in hypoxia (Fig. 7D) . The dependence on G i is confirmed in normoxia (Fig. 7C ) using siRNA (validated in Fig. 8 ) directed against G i , but not in hypoxic conditions (Fig. 7D) . Given the differences observed with PTX treatment, we further investigated the potential role of non-PTX-sensitive G proteins in the migration process as it was previously shown that G proteins G q and G 13 (both PTX-insensitive) may also be involved in CXCL12/CXCR4-dependent migration under some circumstances [27, 28] . Expression of either G protein specific siRNAs, their scramble siRNA control, or functionally active xanthine nucleotide-specific Gα that act as dominant-negative proteins were used to dissect specificities of receptor/G-protein coupling [29] . Our results indicate that neither G q , nor G 13 contribute to PC3 migration induced by CXCL12 ( Fig. 7E; normoxia, Fig. 7F ; hypoxia). Our results suggest that CXCL12-induced migration of PC3 cells in hypoxia is either G proteinindependent, or relies on a non-canonical CXCR4-coupled G protein isoform.
Discussion
A plethora of evidence implicates CXCR4 in the development, progression and metastatic potential of prostate cancer [1] [2] [3] [4] [30] [31] [32] [33] . Our lab performed a yeast-two hybrid screen to find proteins that interact with CXCR4 in an attempt to understand regulation of this GPCR. This screen found that CXCR4 interacted with the antioxidant enzyme SOD1. Due to the role that CXCR4 and SOD1 play independently in prostate cancer incidence and metastasis, this study aimed to examine the effects of the interaction between CXCR4 and SOD1. As we were primarily interested in the metastatic process, we examined signaling pathways known to play a role in survival and proliferation, cell migration and apoptosis, all processes known to be important for cancer spread. The results of our study demonstrate that SOD1 interacts with CXCR4 in a PCa cell line and that the modulation of SOD1 levels can alter CXCR4 signaling.
CXCR4 and SOD1 direct interaction
Clontech's Matchmaker Gold Yeast Two-Hybrid System (Y2H), a stringent four-reporter system that leads to a high yield of true positive interactions, was used to identify interaction partners of CXCR4. The intracellular loops and C-tail of CXCR4 were used to probe a fulllength cDNA library (data not shown), generating a positive interaction between CXCR4 ICL1 and SOD1. To confirm this interaction, we assessed the interaction of endogenous CXCR4 and SOD1. CXCR4 is well known to be involved in cancer metastasis and SOD1 polymorphisms are linked to PCa aggressiveness [34] , and SOD1 inhibitors have been shown to inhibit proliferation and tumour growth [21] . These findings suggest that the interaction of CXCR4 and SOD1 may be important in regulating cancer progression. The results from our co-immunoprecipitations, combined with the GST-pulldown between CXCR4 ICL1 and recombinant SOD1 suggest a new interacting partner for ICL1 that may play a role in the regulation of GPCR signalling.
SOD1 May Modulate CXCR4-Induced signal transduction
The PI3K/AKT pathway is closely linked to cell survival and increases in both cell size and number [26] . Studies have demonstrated that there is an increase in active, p-AKT following stimulation with dihydrotestosterone in PCa cells cultured under normoxic conditions [35] . Our results show activation of AKT following CXCL12 stimulation. This result supports earlier findings, where stimulation of CXCR4 causes the phosphorylation of AKT in a variety of cancer cell types [26, 36] . Overexpression of SOD1 did not change this result. However, cells transfected with SOD1 siRNA displayed a blockade of CXCL12-induced AKT phosphorylation. Taken together, these results suggest that SOD1 may be important for CXCR4-mediated activation of AKT under normoxic conditions and that the endogenous SOD1 in PC3 cells may be sufficient to allow AKT activation. Under hypoxic conditions, there was no significant activation of AKT following stimulation, regardless of SOD1 expression levels. Therefore, the CXCR4-induced phosphorylation of AKT that could lead to protection of PC3 cells against apoptosis is no longer present under hypoxic conditions.
SOD1 Protects Against Apoptosis under Normoxic, but not Hypoxic Conditions
There is a wealth of evidence available to suggest that CXCR4 stimulation decreases apoptosis [33, 37, 38] . Our results show that PC3 cells transfected with CXCR4 exhibited a significant decrease in etoposide-induced apoptosis following 18 hr treatment with CXCL12. SOD1 overexpressing cells trended towards a decrease in apoptosis levels following CXCL12 stimulation. This finding is in line with what has been seen previously, as antioxidants in general have anti-apoptotic effects through their ability to scavenge ROS [39] . However, while there was a trend towards a decrease in apoptosis following stimulation of SOD1 overexpressing cells in normoxia, this was no longer apparent under hypoxic conditions. Taken together, our results suggest that SOD1 protects cells from apoptosis in normoxic, but not necessarily in hypoxic environments.
SOD1 effect on CXCL12-induced Migration
CXCR4 activation has been shown to cause cell migration [1, 6, 13, 36, 40] . Our results showed that SOD1 overexpression decreased CXCL12-induced migration in normoxia. This finding is agreement with those found by Chetram et al. [25] , where cells exhibited higher levels of CXCR4-mediated migration following the addition of H 2 O 2 , mimicking ROS accumulation. Cells transfected with SOD1 siRNA displayed partial rescue of migration in response to CXCL12. Under hypoxic conditions, PC3 cells showed a significant increase in migration following CXCL12 stimulation with overexpressed CXCR4. However, neither SOD1 overexpressing cells nor the SOD1 siRNA treated cells exhibited the same increase in migration following stimulation. Yamasaki et al. [35] examined the differential response of PCa cells to acute versus chronic hypoxic exposure, where chronic exposure referred to cells maintained in 1% O 2 for 6 months. Their findings suggested that acute hypoxia caused a decrease in cell migration, while chronic hypoxia resulted in an increase in migration and invasion. It has been demonstrated that Gα i signaling is important for CXCL12-mediated migration, while Gα q is involved in continuous inhibition of migration in T cells [41] . Pertussis toxin (PTX) was used in order to determine whether or not CXCR4-mediated migration of PC3 cells was dependent on Gα i. Under normoxic conditions, PTX inhibited CXCL12-stimulated migration of PC3 cells. This finding is in support of other studies that noted PTX significantly impaired CXCR4-mediated migration of cancer cells [42, 43] . In contrast, under hypoxic conditions, PTX-treated cells still showed a significant increase in migration following stimulation with CXCL12. This finding suggested that the migration of PC3 cells in response to CXCL12 under hypoxic conditions is not dependent on Gα i . CXCR4 couples with both PTX-sensitive and -insensitive G proteins, and it has been suggested that the balance between Gα i and Gα q signaling is important for the regulation of cell migration [41] . In addition to Gα i and Gα q, CXCR4-mediated chemotaxis and transendothelial migration of metastatic breast cancer cells was shown to require activation of Gα 13 . Whereas most of the physiological functions of CXCR4 involve activation of Gα i , it is becoming apparent that CXCR4 can interact physically with other G proteins including Gα q and Gα 13 [27] . Our studies showed that under normoxic conditions, Gα i is involved in migration. However, under hypoxic conditions, blockade of Gα i , Gα q or Gα 13 did block migration, suggesting that other mechanisms are likely involved in CXCL12/CXCR4-regulated migration under certain conditions, such as G-protein independent pathways or non-canonical G proteins.
Considering our results, we propose that regulation of CXCR4 signaling by SOD1 is possible under normoxic conditions, where low levels of ROS are present in the cell, and where SOD1 interacts with CXCR4 to regulate its signaling. Under hypoxic conditions, where ROS levels may increase in the cell, SOD1 reacts to oxidative stress. SOD1 loses the ability to regulate CXCR4 signal transduction, whereby a decrease in protection against apoptosis and dysregulation of G protein signaling is observed. Our results highlight a new potential mechanism by which the influence of the cell environment, here oxidative stress, could be integrated by a sensor (SOD1) to influence cell fate by regulating CXCR4 survival and migration signaling pathways. Thus, the interaction between CXCR4 and SOD1 could represent a new pharmacological target to potentially reduce cancer cell migration.
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